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Dicamba is often tank mixed with glyphosate to increase herbicidal efficacy but may
contribute to off-target movement (OTM). In recent years, volatilization has become problematic
for dicamba-containing herbicides, resulting in increased regulatory requirements necessitating
the use of volatility-reducing agents (VRA) for application. Research was conducted in 2021 and
2022 using low tunnels in a field environment and humidomes in a greenhouse environment to
further assess how glyphosate salts and VRAs affect dicamba volatility. Our data indicate that
the inclusion of glyphosate to dicamba can increase dicamba volatility, depending on the
glyphosate salt used. The inclusion of the evaluated VRAs will decrease dicamba volatility when
applied to a tank mixture of dicamba plus potassium salt of glyphosate.
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CHAPTER I
INTRODUCTION
According to the USDA, the United States is the number one producer of soybeans
worldwide and is second in soybean exports behind Brazil. Soybean acres planted in the United
States are projected to reach 91 million acres in 2022, up four percent from 2021 (USDA 2022).
The demand for soybeans worldwide has steadily increased since 2017 due to its source of
protein in animal feed and ability to be processed into vegetable oil. Genetically engineered (GE)
crops have allowed the industry to significantly increase the production and quality of crops by
introducing herbicide tolerance, insect resistance, and stress-tolerant traits to crops. GE crops are
the most significant biotechnology introduced to the agriculture industry thus far.
The adoption of GE technology was rapidly accepted with aspirations to decrease weed
pressure and allow greater flexibility and efficiencies to farmers’ production regimes. The first
GE soybean, marketed in 1996 by Monsanto Company, was tolerant to glyphosate (Perry 2016).
Glyphosate-tolerant (GT) soybeans led to a spike in glyphosate and glyphosate-containing
products and a decrease in other herbicides. Inevitably, the overuse of glyphosate herbicides in
the GT soybean system generated the first glyphosate-resistant weed only four years after it was
introduced to the market in the United States (Heap and Duke 2017). The first weed to show
resistance in the Roundup Ready soybean system was horseweed (Conyza canadensis) in 2000 in
the state of Delaware (Hartzler 2003). The International Survey of Herbicide Resistant Weeds
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reports that there are now fifty-three weeds resistant to the EPSP synthase inhibitors or group
nine herbicides (Heap 2022).
In modern agriculture, farmers face resilient weeds such as Palmer amaranth
(Amaranthus palmeri) that have resistance to multiple modes of action and can produce as many
as one million seeds in a season. Weeds are complex and the biggest threat to soybean
production worldwide. The two most crucial weed management tools are primarily chemical and
mechanical tools. The amount of tillage used in the United States has declined significantly. In
2012, roughly 70% of soybeans were planted into fields using conservation tillage practices to
improve soil health and minimize soil disturbance (Claassen 2018). The use of herbicides has
been an effective and cost-efficient way to reduce weed pressure in the field, but excessive
dependence on these herbicides is the root cause of herbicide resistance.
Dicamba (3,6-dichloro-2-methoxybenzoic acid) is a systemic group four herbicide
absorbed by the roots or foliage and then translocated to the active growing point. The synthetic
herbicide is used in both pre-emergence (PRE) and post-emergence (POST) applications in
soybeans and cotton to control annual and perennial broadleaf weeds (Carbonari et al. 2022).
Dicamba injury symptoms, such as leaf puckering and cupping, stacked nodes, and epinasty, will
be exhibited in foliage that has emerged seven to fourteen days after soybean exposure to
dicamba (Werle 2018). A study by Rutgers University found that the most sensitive crops to
dicamba drift were leguminous crops, including non-tolerant soybeans, and solanaceous crops
such as tomato, eggplant, and pepper (Wasacz and Besancon 2020). Neighboring non-dicamba
tolerant (DT) soybean fields to DT soybeans fields are most susceptible to experiencing
phytotoxic effects and deformities.
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In 2016, DT soybeans were commercially launched in the United States, giving farmers a
new active ingredient to spray POST over-the-top (OTT) applications on DT soybeans. The new
registration led to use rates of dicamba increasing 6-fold in 2017. When the label allowed for
POST applications, it led growers to spray later in the growing season when temperatures were
higher (Sharkey et al. 2020). Nearly 4% of 90.2 million soybean acres planted were damaged by
dicamba (EPA 2020). Growers will typically settle disputes over crop herbicide damage
informally and without reporting incidents to authorities; therefore, it is difficult to accurately
estimate the frequency and level of damage done to non-DT crops (Egan and Mortensen 2012;
Olszyk et al. 2004).
Pesticide movement to unintended targets has been a concern as long as pesticides have
been applied (Bish et al. 2020). There are four common ways that dicamba causes injury to
soybeans; spray drift, vapor drift, spraying during a temperature inversion, and tank
contamination (Mueller 2015). The current acreage being sprayed with dicamba has increased
due to Bayer’s Xtend platform. The latest XtendFlex soybean permits farmers to spray three
modes of action, which include glyphosate, dicamba, and glufosinate OTT of soybeans. This has
allowed farmers to have multiple modes of action to compete against resistant weeds.
Dicamba volatilization has been a topic of concern as extensive amounts of damaged
acres have been reported over recent years (Bradley 2017). Vapor drift occurs when liquid
herbicide turns into a gaseous state and is moved across a field. Volatility is a significant concern
because it cannot be controlled by the applicator but is mainly caused by environmental factors
as well as the molecular state of the herbicide. The level of volatility that can occur depends on
several factors, including temperature, humidity, chemical formulation, and the surface on which
it is applied (Nishimura et al. 2015). Concerns in herbicide volatility begin in chemistries
3

exhibiting vapor pressures below 1.0 x 10-5 Pa (Ross and Lembi 1999). Dicamba acid has a
vapor pressure of 4.5 x 10-3 Pa, well above the threshold for potential volatility concerns (Bunch
et al. 2012). A study conducted in 2020 determined that dicamba volatilization is predominantly
affected by the number of functional groups in the amine that can engage in hydrogen bonding
(Sharkey et al. 2020). Volatility is a complex occurrence with the potential to occur multiple
days after applications, making mitigation difficult (Mueller et al. 2013; Behrens and Leuschen
1979).
In efforts to reduce volatility, newer dicamba herbicide formulations have been
developed since the dimethylamine salt of dicamba (DMA) was commercially launched in 1962
(Oseland 2020). The salt formulations aid in solubility of product, translocation, and adsorption
of herbicides in water carriers (Travlos et al. 2017). Multiple researchers have reported volatility
differences among different formulations and salts of dicamba (Mueller 2015). The plant growth
regulator herbicides include Bayer’s XtendiMax (diglycolamine salt (DGA)), Syngenta’s Tavium
(DGA + S-metolachlor premix), BASF’s Engenia (bis aminopropyl methylamine salt
(BAPMA)), and several more formulations. It has been shown that DGA dicamba is less volatile
than DMA under low tunnel field conditions (Egan and Mortensen 2012; Mueller et al. 2013).
Although there was observed injury to soybeans from volatile DGA dicamba was less than that
of DMA, the damage was detected out to 20 m in several experiments when treating only 335 m.
(Egan and Mortensen 2012; Jones et al. 2019). Jones et al. (2019) found that soybean is equally
sensitive to dicamba formulations containing the DGA or BAPMA salts when exposed to low
rates at vegetative stages.
Dicamba belongs to the group four herbicide mode of action. These herbicides mimic the
plant’s natural hormones and distort new leaf growth, leaving growers worried about yield loss
4

(Boerboom 2004). Research has shown yield reductions with rates as low as 0.04 g ae ha-1 in
susceptible soybean plants (Weidenheimer et al. 1989). The timing of dicamba exposure also
plays a role in the extent of phytotoxic response observed in non-tolerant crops. Injury ratings of
8% in soybean at the V2 stage resulted in a 10% yield reduction, while 2% injury ratings resulted
in a 10% yield loss at theV5 and R2 soybean stage (Robinson et al. 2013). Susceptible soybean
sensitivity to dicamba off-target-movement (OTM) is most sensitive during the V4-R2 growth
stage (Scholtes et al. 2019). In October of 2020, the registration of these dicamba products was
extended by the EPA until 2025. Further restrictions on the products in POST applications have
been made to help mitigate OTM (EPA 2020).
The use of glyphosate in soybean fields has long been effective in controlling weeds that
have emerged prior to application but does not have the soil activity to control weeds emerging
after application (Moechnig et al. 2019). Adding a herbicide with good residual activity such as
dicamba helps control late-emerging weeds such as Amaranthus tuberculatus, commonly known
as water hemp. It is routine to have a tank mixture containing both group four and group nine
modes of action in POST applications to help prevent high weed pressures in the early season.
Most of those acres sprayed with dicamba plus glyphosate salt tank mixtures are on soybean
production areas in the eastern half of the United States (USGS 2019).
Today, there are many available commercial formulations of glyphosate salts, including
isopropylamine, diammonium, monoammonium, potassium, trimethylsulfonium, and
sesquisodium salts (Travlos et al. 2017). Little research has been conducted on the effects of
different glyphosate salts in combination with dicamba formulations and how they affect
volatility rates.
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Dicamba has a starting pH of 5.0, and only 0.1% of the dicamba is in the free acid form.
Thus, the ability to maintain the pH close to the initial dicamba pH with additives such as
glyphosate is critical to keep volatility low (Abraham 2018). Data generated from Mueller and
Steckel’s research shows that an addition of glyphosate to dicamba mixtures resulted in a lower
pH solution (Mueller and Steckel 2019). Dicamba is volatile in its acid form; thus, the addition
of glyphosate results in an increase in dicamba volatility. Adding glyphosate to dicamba DGA
plus Vaporgrip technologies increased dicamba concentrations in polyurethane foam cores up to
9.3 times (Mueller and Steckel 2019). They concluded from their data that pH was not the only
driver for volatility in field conditions.
Volatility-reducing agents (VRA) have been introduced to help lessen the formation of
free dicamba acid in spray solutions by acting as a buffering agent (Abraham 2018; MacInnes
2017). Dicamba is a strong acid with a pKa of 1.87 and is formulated as a salt. Highly volatile
dicamba applications result from the dissociation of dicamba from salt bonds (Behrens and
Leuschen 1979). Riter expresses that the key to keeping volatility low is keeping dicamba in its
anion form, which is done by reducing the availability of protons in the tank mixture (Riter et al.
2021). These reducing agents act by eliminating the free protons in the spray solution
(Hemminghaus et al. 2017; Carbonari 2022). The pH of spray mixtures is crucial regarding the
volatility of dicamba. When the pH of dicamba spray solutions falls below 5.0, OTM is shown to
increase (Hemminghaus et al. 2017). Carbonari et al. (2022) found that combinations of DGA
dicamba with the potassium salt of glyphosate and a VRA had the lowest rates of volatility
occur. Volatility-reducing agents raise the solution above 5.0, reducing the amount of dicamba
volatilization (Mueller 2019). According to the 2020 label revisions, a VRA is now required for
dicamba applications in DT crops (EPA 2020).
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According to the International Herbicide-Resistant Weed Database, weeds have evolved
resistance to as many as 21 of the 31 known herbicide sites of action and nearly 165 different
herbicides. In 2020 in Tennessee, the first dicamba-resistant weed in soybean production was
Amaranthus palmeri (Heap 2022). As seen with other overused herbicides in agriculture
production, there will be more cases of resistance emerging with the overuse of dicamba
products. Tank mixing of different herbicides has been recommended to delay the evolution of
herbicide resistance in weed populations (Behrens 2007; Ou 2018). It is essential to consider the
consequences of extremely limited herbicides in row crop production. Further inventions of new
modes of action and proper and effective use of current herbicides will help combat the everincreasing number of resistant weeds in modern agriculture.
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CHAPTER II
THE EFFECT OF GLYPHOSATE SALTS ON DICAMBA VOLATILITY
Abstract
Tank mixing herbicides with dicamba may affect its volatility. This research was
conducted to determine if dicamba, in combination with glyphosate salts, affects dicamba
volatility. The effects of including glyphosate salts (dimethylamine (DMA), isopropylamine
(IPA), potassium salt (K) with dicamba sources (bis aminopropyl methylamine (BAMPA),
diglycolamine (DGA), DGA + S-metolachlor) on dicamba volatility and subsequent soybean
injury were investigated in the greenhouse and in field conditions near Starkville, MS from 2021
to 2022. Only the glyphosate salt main effect was significant. In the greenhouse environment,
dicamba concentrations found in air samples trapped by PUFs decreased in the order of DMA
salt of glyphosate (12716 ng/PUF) = IPA salt of glyphosate (12448 ng/PUF) > potassium salt of
glyphosate (1658 ng/PUF) = no glyphosate salt (150 ng/PUF). In field experiments, PUF
concentrations decreased in the order of DMA salt of glyphosate salt (64 ng/PUF) > IPA salt of
glyphosate salt (46 ng/PUF) > potassium salt of glyphosate salt (20 ng/PUF) = no glyphosate salt
(14 ng/PUF). Depending on the glyphosate salt used in the tank mixture, including glyphosate
with dicamba can increase dicamba volatility.
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Nomenclature:
Dimethylamine; isopropylamine; bis aminopropyl methylamine; diglycolamine; Smetolachlor; potassium salt.
Key Words:
Volatility; dicamba; glyphosate.
Abbreviations:
DGA, diglycolamine salt of dicamba; BAPMA, bis aminopropyl methylamine salt of
dicamba; DMA, dimethylamine salt of glyphosate; IPA, isopropylamine salt of glyphosate; PUF,
polyurethane foam tube.
Introduction
Glyphosate is often tank mixed with dicamba to increase herbicidal efficacy, and
resistance management but may contribute to off-target-movement (OTM). A tank mixture of
dicamba pre-emergence (PRE) and dicamba plus glyphosate post-emergence (POST) provided
>97% control of competitive weeds within soybean production (Dwayne 2014). It was reported
in 2021 by the EPA that over one million acres of non-dicamba-tolerant soybean crops were
damaged by OTM of dicamba. Glyphosate, when applied with dicamba, has been shown to
provide initial control of broadleaf weeds while the residual elements of dicamba provide fullseason broadleaf weed control (Underwood et al. 2017). Tank mixing has become a sought-after
method to mitigate resistance development, broaden the spectrum of weed control, and reduce
the number of applications (Beckie and Reboud 2009, Norsworthy et al. 2012). However, the
combination of dicamba plus glyphosate salts has led to increased dicamba volatilization (Bish et
al. 2019; Mueller and Steckel 2021).
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The current XtendFlex® soybean platform allows growers to spray multiple dicamba,
glufosinate, and glyphosate formulations over-the-top (OTT) of soybeans. The three most
common dicamba sources used in the United States are diglycolamine salt of dicamba (DGA) as
Xtendimax®, DGA + S-metolachlor as Tavium®, and Bis-aminopropyl methylamine (BAPMA)
as Engenia®. There are three main glyphosate salts used on the market: potassium salt of
glyphosate as Roundup PowerMax 2®, dimethylamine salt of glyphosate (DMA) as Durango
DMA®, and isopropylamine salt of glyphosate (IPA) as Cornerstone Plus®. A combination of
these herbicide formulations are applied to the majority of hectares in the mid-south (Dr. Trent
Irby, personal conversation, 2022). The effects of these different salt formulations of dicamba
plus glyphosate have not been extensively tested.
Not one factor has been a predictor of why dicamba volatilizes but it is thought to be a
combination of factors such as formulation, environmental conditions, and physiochemical
characteristics can also contribute to off-target-movement (OTM) (Zaccaro-Gruener et al. 2022;
Oseland 2020). It is known that the addition of glyphosate to a dicamba source will decrease the
pH of the solution consistently below 5.0, which is a critical value according to labels
(Anonymous 2020). Mueller and Steckel found that formulations other than diglycolamine
(DGA) plus VaporGrip® have a more significant change in pH by adding glyphosate (Mueller
and Skeckel 2019).
A rise in the number of damaged non-DT soybean acres has led researchers to believe
multiple factors can contribute to OTM. It is essential to know the effects of different
combinations of dicamba plus glyphosate tank mixtures and how it contributes to secondary
movement. The objective of this study was to evaluate the impact of different glyphosate salts
(dimethylamine, isopropylamine, and potassium) in combination with varying salts of dicamba
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(diglycolamine, diglycolamine salt+ S-metolachlor, and Bis-aminopropyl methylamine) on
dicamba volatilization
Materials and Methods
Field studies were conducted in 2021 and 2022 near the R.R Foil Plant Science Research
Facility in Starkville, Mississippi. The experiments were set up as a randomized complete block
design with a factorial arrangement of treatments. Weed control was maintained pre-emergence
(PRE) and post-emergence (POST) with applications of glyphosate and clethodim at 1.26 kg ae
ha-1 and 0.28 kg ae ha-1, respectively. Non-dicamba tolerant soybeans were planted in two rows
measuring 15.3 m x 0.8 m and were separated by alleys measuring 6.1 m. Additionally, plots
were isolated horizontally by two rows left unplanted for ease of access and to limit the transfer
of vapor between treatments. Pioneer Enlist E3 soybean were planted at 52,609 seed ha-1 and
treated at the V4-V5 growth stage prior to the initiation of reproductive structures.
Herbicide treatments for the low-tunnel field experiments were applied to soil flats using
a track sprayer in the head house of the R.R Foil Plant Science Research Facility in Starkville,
Mississippi. Soil flats measuring 20.4 cm x 50.8 cm were filled with soil and smoothed, watered,
and weeded prior to the day of herbicide application to ensure a uniform spray surface. Factor A
consisted of BAPMA salt of dicamba applied as Engenia® at a rate of 0.56 kg ae ha-1, DGA salt
of dicamba at 0.56 kg ae ha-1 + S-metolachlor at 1.12 kg ai ha-1 (premix) as Tavium® plus
VaporGrip®, and DGA salt of dicamba as XtendiMax® plus VaporGrip® at 0.56 kg ae ha-1.
Factor B consisted of DMA salt of glyphosate as Durango DMA® at a rate of 1.12 kg ae ha-1,
IPA salt of glyphosate as Cornerstone Plus® at 1.12 kg ae ha-1, and potassium salt of glyphosate
as Roundup PowerMax 2® at 1.12 kg ae ha-1. The spray mixture was mixed at a 1X labeled rate
and applied to the soil flats four times to achieve a 4X field rate to ensure the symptomology of
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the herbicide. The pH of each spray solution was measured using a Fisher Scientific AB15 pH
meter after application.
Each treatment included two soil flats sprayed with a two-nozzle, Generation III
Research Track Sprayer calibrated to deliver 140 L ha-1 with TeeJet TTI 110015 nozzles at a
speed of 4.66 km hr-1 at a sprayer height of 50.8 cm. Treated soil flats were transported 1.6 km to
the field location via truck bed. The low-tunnel volatility tents were made from PVC pipe
measuring 1.5 m x 4.6 m (Figure 2.1). Each tent was centered in the middle of the plot and
tethered using stakes and bungee cords. Flats were placed at the center of each plot, after which
plastic sheeting measuring 6.40 m x 3.66 m was placed on the PVC frame and clamped down.
(Figure 2.2).
The volatility of dicamba in the low-tunnel tent in the field environment was determined
using standard methods (Taylor et. al 2020). Briefly, a fiberglass post with an air pump and
polyurethane foam core (PUF) was located above the treated soil flats, with the PUF placed 0.31
m above the flat in a PVC pipe. The PUF was connected to an SKC AirChek 52 air sampler
pump calibrated to draw 3 L m-1 of air through the PUF for 48 hr. After a 48 hr incubation
period, the plastic was carefully removed, the final flow rate was determined, and the PUF was
sent to a certified laboratory for analysis.
PUF analysis was conducted by the Mississippi State Chemical Laboratory. Dicamba was
quantified using an Agilent 1290 liquid chromatograph conjoined with an Agilent 6470 triple
quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA). Chromatographic
separation was performed using an Agilent Zorbax Eclipse Plus 100 mm column. The mobile
phases consisted of 0.1% formic acid in water for the aqueous phase (A) and 0.1% formic acid in
acetonitrile as the organic phase. The flow rate of 0.3 mL min-1 with the following gradient
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program: 0 to 0.5 min of 25% B, 0.5 to 1 min of 50% B, and 1 to 4 min of 60% B. The
ionization of dicamba was performed using electrospray ionization (ESI) in negative mode with
an auxiliary gas (N2), source temperature of 200oC, and a gas flow rate of 10 L min-1 (Taylor et
al. 2020).
The effects of dicamba volatility on soybean were quantified 14 and 28 DAT by
determining visual injury, plant height, stand count, and the number of injured plants every 30
cm from the center of each plot (Figure 2.3). Plots were divided into four quadrants, originating
at the original flat location. Data were generated from the most affected 762 cm quadrant as
determined at the 14-day rating. Visual plant injury ratings were based on a percentage scale of 0
to 100, with 0 being no symptomology present and 100 being a dead soybean plant. Plant heights
were recorded for the damaged quadrant, stand counts for total plants damaged, and for the row.
Plant heights were recorded in centimeters.
Data were analyzed using SAS 9.4. Comparison of injury ratings and plant height at each
evaluation interval individually used PROC GLIMMIX and means separated by LSMEANS
using an alpha level of 0.05 in SAS 9.4 software. Percent injury, pH measurements, and PUF
concentrations were analyzed for overall site years using PROC GLIMMIX and means separated
by LSMEANS using an alpha level of 0.05 in SAS 9.4. (Taylor et al. 2020, Scholtes et al. 2019).
Complimentary humidome experiments were conducted in 2021 in a greenhouse at the
R.R Foil Plant Science Research Facility in Starkville, Mississippi to evaluate the effects of
VRAs on dicamba volatility. The experimental design was a randomized complete block with a
factorial arrangement of treatments with three replications. Treatments were the same as the lowtunnel experiments with Factor A being dicamba source and Factor B being glyphosate source.
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The greenhouse experiments were conducted using humidomes consisting of a black
plastic soil flat measuring 20.4 cm x 50.8 cm. The soil flat was filled with 0.64 cm of sand and
laid out to dry before the herbicide application to prevent excess moisture in the humidome. The
temperature inside the greenhouse was set to 32o C, allowing a controlled environment to capture
volatile dicamba.
Factor A consisted of BAPMA salt of dicamba applied as Engenia® at a rate of 0.56 kg
ae ha-1, DGA salt of dicamba at 0.56 kg ae ha-1 + S-metolachlor at 1.12 kg ai ha-1 (premix) as
Tavium® plus VaporGrip®, and DGA salt of dicamba as XtendiMax® plus VaporGrip® at 0.56 kg
ae ha-1. Factor B consisted of DMA salt of glyphosate as Durango DMA® at a rate of 1.12 kg ae
ha-1, IPA salt of glyphosate as Cornerstone Plus® at 1.12 kg ae ha-1, and potassium salt of
glyphosate as Roundup PowerMax 2® at 1.12 kg ae ha-1. The pH of each treatment solution was
taken after application. The pH of each spray solution was measured using a Fisher Scientific
AB15 pH meter after application.
Each soil flat was sprayed using a two-nozzle, Generation III Research Track Spryer
calibrated to deliver 140 L ha-1 with TeeJet TTI 110015 nozzles at a speed of 4.66 km hr-1 and a
sprayer height of 50.8 cm. Each herbicide was sprayed at a 1X labeled rate. Following
application, soil flats were placed in the greenhouse with their assigned humidomes and sealed
with a plastic dome that was taped at the joint of the flat and dome (Figure 2.4). The plastic
dome measured 53.34 cm x 27.94 cm x 6.35 cm. A 1.43 cm hole was cut in the front of the
humidome to allow for a threaded male fitting through the hole. On the outside of the humidity
dome on the male fitting, a 12.7 cm section of neoprene hose was attached to allow PUF and air
sampler attachment. An SKC AirChek 52 air sampler was connected to the PUF to pull air
through the system at a rate of 3 L min-1. Another 0.95 cm hole was cut in the opposite end of the
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dome to allow airflow through the system. A Watchdog temperature sensor was placed through
the 0.95 cm hole to record the internal temperature of the humidity dome every 5 minutes. They
were then attached to the PUF, the pump, and the battery and ran for a 24-hr treatment period.
Black shade cloths with 70% shade were hung above and around the humidomes to prevent
heating from direct sunlight (Figure 2.5). Volatile dicamba was captured using a PUF attached to
a pump and battery as reported in the field experiments. Time and calibration values were
recorded when the pump started and stopped. Upon completion, the PUFs were collected and
sent the Mississippi State Chemistry Lab for analysis. Data were analyzed over site year using
PROC GLIMMIX, and means were separated by LSMEANS using an alpha level of 0.05.
Results and Discussion
Ng/PUF
The primary hypothesis of this study was that the inclusion of various glyphosate salts to
a dicamba source would differentially increase levels of dicamba volatility. For both humidome,
greenhouse and low-tunnel, field environments only the glyphosate salt main effect was
significant with regards to PUF data. In the humidome greenhouse environment, dicamba
concentrations in PUFs decreased in the order of DMA salt of glyphosate (12716 ng/PUF) = IPA
salt of glyphosate (12448 ng/PUF) > potassium salt of glyphosate (1658 ng/PUF) = no
glyphosate salt (150 ng/PUF)(Figure 2.7). In low-tunnel field experiments, PUF concentrations
decreased in the order of DMA salt of glyphosate salt (64 ng/PUF) > IPA salt of glyphosate salt
(46 ng/PUF) > potassium salt of glyphosate salt (20 ng/PUF) = no glyphosate salt (14
ng/PUF)(Figure 2.6). Similarly, Carbonari et. al. 2022 concluded that the DGA salt of dicamba
was less volatile in combination with potassium salt of glyphosate compared to that of
ammonium and di-ammonium salts of glyphosate. However, the association of DGA with a
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potassium salt did not result in increased volatilization compared with DGA alone. Others
reported that dicamba volatility was 4.6-fold higher with a DGA plus potassium salt of
glyphosate compared with a DGA plus VaporGrip® (Mueller and Steckel 2019).
Percent Visual Injury
Percent visual injury also expressed the same glyphosate salt significance measured at
both 14 DAT and 28 DAT. Percent visual injury for each treatment followed a pattern of reduced
injury after 300 centimeters from the center of each plot. Injury ratings for the first 300
centimeters of the plot at 14 DAT ranged anywhere from 50% to 2%, with the DMA glyphosate
salt leading in the highest amount of dicamba volatility (Figure 2.8, Figure 2.9, Figure 2.10).
Injury rating for the first 300 centimeters of the plot at 28 DAT ranged anywhere from 27% to
0% (Figure 2.11, Figure 2.12, Figure 2.13). Plant height and stand count were unaffected.
pH
Dicamba source and glyphosate salt interacted to affect spray solution pH. (Figure 2.14).
In the absence of glyphosate pH decreased in the order of Engenia® > XtendiMax® > Tavium®.
Regardless of dicamba source, the addition of any glyphosate salt decreased solution pH over
that of dicamba source alone. Mueller and Steckel (2019) reported that potassium salt of
glyphosate added to BAPMA salt of dicamba, the pH change was from –1.0 to –2.0 pH units and
the pH change for DGA+VaporGrip® after potassium salt of glyphosate addition was from –0.5
to +1.5 pH units. As pH is known to affect dicamba volatility, our data suggest the addition of
any glyphosate salt decreased solution pH and resulted in increased dicamba volatility. However,
the pH of solutions has been found to not wholly explain the levels of volatilization due to
similar pH values generating different levels of volatility (Carbonari et al. 2022).
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Conclusion
This research was conducted to determine if dicamba, in combination with glyphosate
salts, affects dicamba volatility. In the humidome greenhouse environment, regardless of the
dicamba source used dicamba volatility concentrations decreased in the order of DMA salt of
glyphosate salt = IPA salt of glyphosate salt > potassium salt of glyphosate salt = no glyphosate
salt. In the low-tunnel field environment, PUF concentrations decreased in the order of DMA salt
of glyphosate salt > IPA salt of glyphosate salt > potassium salt of glyphosate salt = no
glyphosate salt. Soybean visual injury correlated with dicamba volatility estimates. Regardless
of dicamba source, the addition of any glyphosate salt decreased solution pH over that of
dicamba source alone. Our data indicate that the inclusion of glyphosate to dicamba can increase
dicamba volatility, depending on the glyphosate salt used.
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Tables
Table 2.1

The effect of glyphosate salts on dicamba vapor concentration in PUF samples from three dicamba sources in
humidomes under greenhouse environmental conditions show no interaction (P= 0.9358).

Engenia®

Glyphosate Salts1
None
Cornerstone Plus®
Durango DMA® Roundup PowerMax 2®
--------------------------------------- ng/PUF --------------------------------------367 b3
14507 a3 (97.5)4
15032 a3 (97.6)4
3037 b3 (87.9)4

Tavium® + Vapor Grip®

42 b3

11069 a3 (99.6)4

10733 a3 (99.6)4

761 b3 (94.5)4

XtendiMax® + Vapor Grip®

41 b3

11768 a3 (99.7)4

12383 a3 (99.7)4

1175 b3 (96.5)4

Dicamba Source2

1

Durango DMA® - DMA salt of glyphosate 1.12 kg ae ha-1; Cornerstone Plus® - IPA salt of glyphosate 1.12 kg ae ha-1; Roundup
PowerMax 2® - potassium salt of glyphosate 1.12 kg ae ha-1.
2
Engenia – BAPMA salt of dicamba 0.56 kg ae ha-1; Tavium DGA salt of dicamba + S-metolachlor 0.56 + 1.68 kg ae ha-1;
XtendiMax - DGA salt of dicamba 0.56 kg ae ha-1; Roundup Power Max II K salt of glyphosate 1.12 kg ae ha-1.
3
Treatment means averaged over site years followed by same letter are not significantly different α = 0.05.
4
Percent volatility increase relative to dicamba source.
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Table 2.2

The effect of glyphosate salts on dicamba vapor concentration in PUF samples from three dicamba sources in lowtunnel tents under field environmental conditions show no interaction (P= 0.0725).

Engenia®

Glyphosate Salts1
None
Cornerstone Plus®
Durango DMA® Roundup PowerMax 2®
--------------------------------------- ng/PUF --------------------------------------16 de3
36 c3 (55.6)4
66 a3 (75.8)4
23 d3 (30.4)4

Tavium® + Vapor Grip®

17 de3

55 b3 (69.1)4

66 a3 (74.2)4

22 d3 (22.7)4

XtendiMax® + Vapor Grip®

9 e3

48 b3 (81.3)4

58 a3 (84.5)4

17 de3 (47.1)4

2

Dicamba Source

1

Durango DMA® - DMA salt of glyphosate 1.12 kg ae ha-1; Cornerstone Plus® - IPA salt of glyphosate 1.12 kg ae ha-1; Roundup
PowerMax 2® - potassium salt of glyphosate 1.12 kg ae ha-1.
2
Engenia – BAPMA salt of dicamba 0.56 kg ae ha-1; Tavium DGA salt of dicamba + S-metolachlor 0.56 + 1.68 kg ae ha-1;
XtendiMax DGA salt of dicamba 0.56 kg ae ha-1; Roundup Power Max II K salt of glyphosate 1.12 kg ae ha-1.
3
Treatment means averaged over site years followed by same letter are not significantly different α = 0.05.
4
Percent volatility increase relative to dicamba source.
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Figures

Figure 2.1

PVC frame of a low-tunnel volatility tent

Figure 2.2

Inside of a low-tunnel volatility tent field treatment
23

Figure 2.3

30 cm increments from the center to the end (760 cm) of each field plot used for
rating

Figure 2.4

Humidome design in the greenhouse using 1020 soil flats
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Figure 2.5

70% shade cloth covering humidomes in the greenhouse experiments
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Figure 2.6

PUF data from field trials show interaction on the main effects of glyphosate salt
averaged over dicamba source
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Figure 2.7

PUF data from the greenhouse trials show interaction on the main effects of
glyphosate salt averaged over dicamba source
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Figure 2.8

The effect of glyphosate salts on dicamba vapor injury form Engenia® to non-DT soybean fourteen days after treatment
averaged over three site years

28

Figure 2.9

The effect of glyphosate salts on dicamba vapor injury from Tavium® to non-DT soybean fourteen days after treatment
averaged over three site years
29

Figure 2.10

The effect of glyphosate salts on dicamba vapor injury from XtendiMax® to non-DT soybean fourteen days after
treatment averaged over three site years
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Figure 2.11

The effect of glyphosate salts on dicamba vapor injury from Engenia® twenty-eight days after treatment averaged over
three site years
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Figure 2.12

The effect of glyphosate salts on dicamba vapor injury from Tavium® to non-DT soybean twenty-eight days after
treatment averaged over three site years
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Figure 2.13

The effect of glyphosate salts on dicamba vapor injury from XtendiMax® to non-DT soybean twenty-eight days after
treatment average over three site years
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Figure 2.14

Spray solution pH of dicamba in combination with glyphosate salts
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CHAPTER III
THE EFFECT OF VOLATILITY-REDUCING AGENTS (VRA) ON DICAMBA
VOLATILITY
Abstract
In recent years, off-target movement of dicamba-containing herbicides through
volatilization has become problematic, resulting in increased regulatory requirements
necessitating the use of volatility-reducing agents (VRA) for application. Experiments were
conducted to determine the effect of VRAs on dicamba volatility of three dicamba-containing
herbicides commonly used in dicamba-tolerant (DT) crops. Three VRA materials were evaluated
for their impact on dicamba volatility from tank mixtures of the potassium salt of glyphosate
(Roundup PowerMax 2®) with the bis aminopropyl methylamine (BAPMA) salt of dicamba
(Engenia®), S- metolachlor + diglycolamine salt of dicamba (Tavium®), and diglycolamine salt
of dicamba (XtendiMax®) as determined by percent visual injury, plant height, stand count, and
nanograms (ng) of dicamba per polyurethane foam tube (PUF). Three VRA products including
K-Leaf® (29% K2O), Sentris™ (K2CO3), and Voliminate™ (CH3CO2K) were evaluated with each
dicamba-containing herbicide tank mixture as compared to each tank mixture alone under
humidomes in a greenhouse environment and low-tunnel tents in a field environment. In the
absence of a VRA, dicamba volatility decreased in order of Engenia® + Roundup PowerMax 2®
(5372 ng/PUF) > XtendiMax® + Roundup PowerMax 2® (2589 ng/PUF) > Tavium®+ Roundup
PowerMax 2® (986 ng/PUF) when in a humidome environment. Including any VRA to a
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dicamba source tank mixed with Roundup PowerMax 2® decreased dicamba volatility 94 to
99%, and the level of volatility reduction was not different among VRAs evaluated. Similarly, in
the absence of a VRA, dicamba volatility decreased in the order of Engenia® + Roundup
PowerMax 2® (11 ng/PUF) > XtendiMax® + Roundup PowerMax 2® (7 ng/PUF) > Tavium®+
Roundup PowerMax 2® (4 ng/PUF) when conducted with low-tunnels tents in a field
environment. Including any VRA to a dicamba source tank mixed with Roundup PowerMax 2®
decreased dicamba volatility 25 to 72%. From 0 to approximately 2 meters from the dicambatreated flats, soybean visual injury was positively correlated with dicamba volatility estimates.
Our data indicate that the inclusion of the evaluated VRAs will decrease dicamba volatility when
applied to a tank mixture of dicamba plus the potassium salt of glyphosate.
Nomenclature:
Bis aminopropyl methylamine; diglycolamine salt of dicamba; potassium salt of
glyphosate; S- metolachlor.
Key Words:
Volatility; dicamba; glyphosate; volatility reducing agent.
Abbreviations:
VRA, volatility-reducing agent; DT, dicamba-tolerant; BAPMA, bis aminopropyl
methylamine; ng, nanograms; PUF, polyurethane foam tube.
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Introduction
Researchers have estimated that weeds decrease soybean production by 37%, followed by
pathogens at 11% and animal pests by 11% (Oerke 2006; Soltani 2017). The use of herbicides
has allowed us to reduce weed pressures in the field efficiently and cost-effectively. When
glyphosate-resistant crops were introduced to the market, there was also a subsequent reduction
in herbicide diversity. Livingston et al. (2015) found that in 2006 more than 50% of soybean
acres received applications of glyphosate without any other herbicides in the tank mixture. The
overuse of glyphosate led to an increase in glyphosate-resistant weeds, leading growers to use
different modes of action to fight against these tough-to-kill weeds. A standard spray solution
today will include multiple modes of action, such as glyphosate and dicamba together. The group
nine (Anonymous 2020b) and group four (Anonymous 2017) modes of action work well together
when killing a wide range of broadleaf weeds and grasses.
Dicamba-tolerant (DT) soybeans were introduced to the market in 2017. By 2018, the
technology had captured 43% of the soybean hectares in the United States. The swift adoption of
the DT platform also raised concerns about off-target-movement (OTM) of dicamba. Mississippi
leads the United States in planted DT soybeans at 79 %, followed by Tennessee at 71% and
Kansas at 69% (USDA 2019). The majority of the hectares in the mid-south are treated with a
tank mixture of dicamba plus glyphosate formulations (Dr. Trent Irby, personal conversation,
2022). Tank mixing dicamba with glyphosate decreases the pH and increases dicamba volatility
(Muller and Steckel 2019). Means to reduce dicamba volatility, particularly with glyphosate tank
mixtures is required.
In 2020, the EPA required that dicamba being sprayed over-the-top (OTT) have a pHbuffering agent, also known as a VRA, to help control volatility (EPA 2020). VRAs are a
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buffering system that scavenges any extraneous protons in the tank mixtures, thus reducing the
formation of volatile dicamba acid. When other common herbicides, such as glyphosate, are
added to dicamba tank mixtures, the pH of the spray solution drops below 5.0. Maintaining a pH
and vapor pressure close to that of dicamba is critical for these spray solutions to be low in
volatility. These buffering agents will neutralize the acidifying effects of dicamba tank mix
components and return the pH to 5.0 (Anonymous 2020a).
There are primarily three types of VRAs on the United States market, including K-Leaf®
(29% K2O) from Helena, Sentris™ (K2CO3) from BASF, and Vaporgrip® (CH3CO2K) from
Bayer marketed under many trade names including Voliminate™ from Helena. The three VRA
materials were evaluated for their impact on dicamba volatility from tank mixtures of dicamba
with the potassium salt of glyphosate.
Materials and Methods
Field studies were conducted in 2021 and 2022 at the R.R Foil Plant Science Research
Facility in Starkville, Mississippi. The experiments were set up as a randomized complete block
design with a factorial arrangement of treatments. Weed control was maintained pre-emergence
(PRE) and post-emergence (POST) with applications of glyphosate and clethodim at 1.26 kg ae
ha-1 and 0.28 kg ae ha-1 rates, respectively. Non-dicamba tolerant soybeans were planted in two
rows measuring 15.3 m x 0.8 m and were separated by alleys measuring 6.1 m. Additionally,
plots were isolated horizontally by two rows left unplanted for ease of access and to limit the
transfer of vapor between treatments. Pioneer Enlist E3 soybean were planted at 34,594 seed ha-1
and treated at the V4-V5 growth stage prior to the initiation of reproductive structures.
Herbicide treatments for the low-tunnel field experiments were applied to soil flats using
a track sprayer in the head house of the R.R Foil Plant Science Research Facility in Starkville,
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Mississippi. Soil flats measuring 20.4 cm x 50.8 cm were filled with soil and smoothed, watered,
and weeded prior to the day of herbicide application to ensure a uniform spray surface. Factor A
consisted of BAPMA salt of dicamba applied as Engenia® at a rate of 0.56 kg ae ha-1, DGA salt
of dicamba at 0.56 kg ae ha-1 + S-metolachlor at 1.12 kg ai ha-1 (premix) as Tavium® plus
VaporGrip®, and DGA salt of dicamba as XtendiMax® plus VaporGrip® at 0.56 kg ae ha-1.
Factor B was VRA source, including Ele-Max K-Leaf® (potassium oxide) at a rate of 1.17 kg ai
ha-1, Sentris™ (potassium carbonate) at 0.49 kg ai ha-1, and Voliminate™ (potassium
hydroxide/ethanoic acid) at 1.46 kg ai ha-1. The potassium salt of glyphosate as Roundup
PowerMax 2® at 1.12 kg ae ha-1 was added to each treatment. The spray mixture was mixed at a
1X labeled rate and applied to the soil flats four times to achieve a 4X field rate to ensure the
symptomology of the herbicide. The pH of each spray solution was measured using a Fisher
Scientific AB15 pH meter after application. Each treatment included two soil flats sprayed with a
two-nozzle, Generation III Research Track Sprayer calibrated to deliver 140 L ha-1 with TeeJet
TTI 110015 nozzles at a speed of 4.66 km hr-1 at a sprayer height of 50.8 cm. Treated soil flats
were transported 1.6 km to the field location via truck bed. The low-tunnel volatility tents were
made from PVC pipe measuring 1.5 m x 4.6 m (Figure 3.1). Each tent was centered in the middle
of the plot and tethered using stakes and bungee cords. Flats were placed at the center of each
plot, after which plastic sheeting measuring 6.40 m x 3.66 m was placed on the PVC frame and
clamped down (Figure 3.2).
The volatility of dicamba in the low-tunnel tent in the field environment was determined
using standard methods (Taylor et. al 2020). Briefly, a fiberglass post with an air pump and
polyurethane foam core (PUF) was located above the treated soil flats, with the PUF placed 0.31
m above the flat in a PVC pipe. The PUF was connected to an SKC AirChek 52 air sampler
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pump calibrated to draw 3 L m-1 of air through the PUF for 48 hr. After a 48 hr incubation
period, the plastic was carefully removed, the final flow rate was determined, and the PUF was
sent to a certified laboratory for analysis.
PUF analysis was conducted by the Mississippi State Chemical Laboratory. Dicamba was
quantified using an Agilent 1290 liquid chromatograph conjoined with an Agilent 6470 triple
quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA). Chromatographic
separation was performed using an Agilent Zorbax Eclipse Plus 100 mm column. The mobile
phases consisted of 0.1% formic acid in water for the aqueous phase (A) and 0.1% formic acid in
acetonitrile as the organic phase. The flow rate of 0.3 mL/min with the following gradient
program: 0 to 0.5 min of 25% B, 0.5 to 1 min of 50% B, and 1 to 4 min of 60% B. The
ionization of dicamba was performed using electrospray ionization (ESI) in negative mode with
an auxiliary gas (N2), source temperature of 200oC, and a gas flow rate of 10 L min-1 (Taylor et
al. 2020).
The effects of dicamba volatility on soybean were quantified 14 and 28 DAT by
determining visual injury, plant height, stand count, and the number of injured plants every 30
cm from the center of each plot (Figure 3.3). Plots were divided into four quadrants, originating
at the original flat location. Data were generated from the most affected 762 cm quadrant as
determined at the 14-day rating. Visual plant injury ratings were based on a percentage scale of 0
to 100, with 0 being no symptomology present and 100 being a dead soybean plant. Plant heights
were recorded for the damaged quadrant, stand counts for total plants damaged, and for the row.
Plant heights were recorded in centimeters.
Data were analyzed using SAS 9.4. Comparison of injury ratings and plant height at each
evaluation interval individually used PROC GLIMMIX and means separated by LSMEANS
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using an alpha level of 0.05 in SAS 9.4 software. Percent injury, pH measurements, and PUF
concentrations were analyzed for overall site years using PROC GLIMMIX and means separated
by LSMEANS using an alpha level of 0.05 in SAS 9.4. (Taylor et al. 2020, Scholtes et al. 2019).
Complimentary humidome experiments were conducted in 2021 in a greenhouse at the
R.R Foil Plant Science Research Facility in Starkville, Mississippi to evaluate the effects of
VRAs on dicamba volatility. The experimental design was a randomized complete block with a
factorial arrangement of treatments with three replications. Treatments were the same as the lowtunnel experiments with Factor A being dicamba source and Factor B being glyphosate source.
The greenhouse experiments were conducted using humidomes consisting of a black
plastic soil flat measuring 20.4 cm x 50.8 cm. The soil flat was filled with 0.64 cm of sand and
laid out to dry before the herbicide application to prevent excess moisture in the humidome. The
temperature inside the greenhouse was set to 32o C, allowing a controlled environment to capture
volatile dicamba.
Factor A consisted of BAPMA salt of dicamba applied as Engenia® at a rate of 0.56 kg ae
ha-1, DGA salt of dicamba at 0.56 kg ae ha-1 + S-metolachlor at 1.12 kg ai ha-1 (premix) as
Tavium® plus VaporGrip®, and DGA salt of dicamba as XtendiMax® plus VaporGrip® at 0.56 kg
ae ha-1. Factor B was VRA source, including Ele-Max K-Leaf® (potassium oxide) at a rate of
1.17 kg ai ha-1, Sentris™ (potassium carbonate) at 0.49 kg ai ha-1, and Voliminate™ (potassium
hydroxide/ethanoic acid) at 1.46 kg ai ha-1. The potassium salt of glyphosate as Roundup
PowerMax 2® at 1.12 kg ae ha-1 was added to each treatment. The pH of each spray solution was
measured using a Fisher Scientific AB15 pH meter.
Each soil flat was sprayed using a two-nozzle, Generation III Research Track Spryer
calibrated to deliver 140 L ha-1 with TeeJet TTI 110015 nozzles at a speed of 4.66 km hr-1 and a
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sprayer height of 50.8 cm. Each herbicide was sprayed at a 1X labeled rate. Following
application, soil flats were placed in the greenhouse with their assigned humidomes and sealed
with a plastic dome that was taped at the joint of the flat and dome (Figure 3.4). The plastic
dome measured 53.34 cm x 27.94 cm x 6.35 cm. A 1.43 cm hole was cut in the front of the
humidome to allow for a threaded male fitting through the hole. On the outside of the humidity
dome on the male fitting, a 12.7 cm section of neoprene hose was attached to allow PUF and air
sampler attachment. An SKC AirChek 52 air sampler was connected to the PUF to pull air
through the system at a rate of 3 L/min. Another 0.95 cm hole was cut in the opposite end of the
dome to allow airflow into the system. A Watchdog temperature sensor was placed through the
0.95 cm hole to record the internal temperature of the humidity dome every 5 minutes. They
were then attached to the PUF, the pump, and the battery and ran for a 24-hr treatment period.
Black shade cloths with 70% shade were hung above and around the humidomes to prevent
heating from direct sunlight (Figure 3.5). Volatile dicamba was captured using a PUF attached to
a pump and battery as reported in the field experiments. Time and calibration values were
recorded when the pump started and stopped. Upon completion, the PUFs were collected and
sent the Mississippi State Chemistry Lab for analysis. Three site years of data were collected for
both humidome and field experiments. Data were analyzed over site year using PROC
GLIMMIX, and means were separated by LSMEANS using an alpha level of 0.05.
Results and Discussion
Ng/PUF
An interaction was present between dicamba source and VRA in both the humidome in
the greenhouse environment and low-tunnel tents in the field environment relative to ng of
dicamba per PUF. In the absence of a VRA, dicamba volatility decreased in order of Engenia® +
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Roundup PowerMax 2® (5372 ng/PUF) > XtendiMax® + Roundup PowerMax 2® (2589 ng/PUF)
> Tavium®+ Roundup PowerMax 2® (986 ng/PUF) when in a humidome greenhouse
environment (Table 3.1). Including any VRA to a dicamba source tank mixed with Roundup
PowerMax 2® decreased dicamba volatility 94 to 99%, and the level of volatility reduction was
not different among VRAs evaluated. Similarly, in the absence of a VRA, dicamba volatility
decreased in the order of Engenia® + Roundup PowerMax 2® (11 ng/PUF) > XtendiMax® +
Roundup PowerMax 2® (7 ng/PUF) > Tavium®+ Roundup PowerMax 2® (4 ng/PUF) when
conducted with low-tunnels tents in a field environment (Table 3.2). Including any VRA to a
dicamba source tank mixed with Roundup PowerMax 2® decreased dicamba volatility 25 to
72%. Within a dicamba source, there was no difference among VRAs. Within VRAs, the level of
dicamba volatility differed among dicamba sources. For example, there was no difference in
dicamba volatility among dicamba sources when K-Leaf® was added to the tank mixture.
However, the volatility of dicamba from Engenia® plus Roundup PowerMax 2® was 66% and
100% greater than Tavium® plus Roundup PowerMax 2® and XtendiMax® plus Roundup
PowerMax 2®, respectively, when Sentris™ or Voliminate™ was included in the tank mixture
(Table 2.2). Similarly, Carbonari et. al (2022) found that VRAs in a tank mixture were effective
in reducing DGA dicamba volatilization, regardless of the tank mixture, making the application
of dicamba safer from the volatilization standpoint.
Percent Visual Injury
In the low-tunnel field environment, from 0 to approximately 2 m from the dicambatreated flats, soybean visual injury was positively correlated with dicamba volatility estimates at
14 DAT (Figure 3.6, 3.7, 3.8) and 28 DAT (Figure 3.9, 3.10, 3.11). Visual plant injury ratings for
the first 2 m with no VRA present in the tank mixture of dicamba plus potassium glyphosate salt
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ranged from 12 to 30%. When a VRA was present in the tank mixture of dicamba, and potassium
glyphosate salt the visual plant injury was between 2 to 20%. Beyond 2 m there were no
differences in visual plant injury observed among treatments. Plant heights and stand count were
unaffected by treatment.
pH
Spray solution pH was affected by an interaction between dicamba source and VRA (P =
0.0008) (Figure 3.12). The main effect of VRA when pooled over dicamba source plus
potassium salt of glyphosate decreased in the order of Sentris™ (5.81) > K-Leaf® (5.20) >
Voliminate™ (5.14) > no VRA (4.76). Including a VRA with a dicamba source plus glyphosate
potassium salt consistently increased the spray solution's pH over 5.0, which is crucial to reduce
volatility levels, as seen in previous studies (Mueller and Steckel 2019; Hemminghaus et al.
2017)
Conclusion
The objective of this research was to determine the effects of VRAs on dicamba volatility
when applied as a tank mixture with dicamba sources containing the potassium salt of
glyphosate. When a VRA is not included, regardless of the environment, dicamba volatility
decreased in the order of Engenia® > XtentiMax® > Tavium®. However, including a VRA to any
of the evaluated dicamba sources under humidome and low-tunnel environments reduced
dicamba volatility from 25 to 99%, and soybean visual injury was correlated with dicamba
volatility estimates. However, regardless of treatment, there were no differences in visual injury
past 2 m. The pH of the spray solution was consistently over 5.0 with the inclusion of a VRA to a
dicamba source plus potassium salt of glyphosate. Our data indicate that the inclusion of the
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evaluated VRAs will decrease dicamba volatility when applied to a tank mixture of dicamba plus
potassium salt of glyphosate.
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Tables
Table 3.1

The effect of volatility-reducing agents on dicamba vapor concentration in PUF samples from three dicamba sources in
humidomes under greenhouse environmental conditions (P= 0.0017)

Dicamba Source

2

None

Volatility Reducing Agents1
K-Leaf
Sentris®
Voliminate®
--------------------------------------- ng/PUF --------------------------------------21 c (99.6)4
315 c3 (94.1)4
134 c3 (97.5)4
®

Engenia® + Roundup PowerMax 2®

5372 a3

Tavium® + Roundup PowerMax 2®

986 c3

11 c3 (98.9)4

19 c3 (98.1)4

15 c3 (98.5)4

XtendiMax® + Roundup PowerMax 2®

2589 b3

9 c3 (99.7)4

21 c3 (99.2)4

18 c3 (99.3)4

1

K-Leaf (potassium oxide) 1.17 kg ai ha-1; Sentris (potassium carbonate) 0.49 kg ai ha-1; Voliminate (potassium carbonate/ethanoic
acid) 1.46 kg ai ha-1.
2
Engenia – BAPMA salt of dicamba 0.56 kg ae ha-1; Tavium - DGA salt of dicamba + S-metolachlor 0.56 + 1.68 kg ae ha-1;
XtendiMax - DGA salt of dicamba 0.56 kg ae ha-1; Roundup Power Max 2 - potassium salt of glyphosate 1.26 kg ae ha-1.
3
Treatment means averaged over site years followed by same letter are not significantly different α = 0.05.
4
Percent volatility reduction relative to dicamba source.
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Table 3.2

The effect of volatility-reducing agents on dicamba vapor concentration in PUF samples from three dicamba sources in lowtunnels under field conditions (P= 0.0107).

Dicamba Source

2

Engenia® + Roundup PowerMax 2®

None

Volatility Reducing Agents1
K-Leaf
Sentris®
Voliminate®
--------------------------------------- ng/PUF --------------------------------------®

11 a3

3 c-f3 (72.7)4

5 bc3 (54.6)4

4 cde3 (63.6)4

Tavium® + Roundup PowerMax 2®

4 cd3

2 ef3 (50)4

3 def3 (25)4

2 f3 (50)4

XtendiMax® + Roundup PowerMax 2®

7 b3

2 ef3 (71.4)4

3 def3 (57.1)4

2 ef3 (71.4)4

1

K-Leaf (potassium oxide) 1.17 kg ai ha-1; Sentris (potassium carbonate) 0.49 kg ai ha-1; Voliminate (potassium carbonate/ethanoic
acid) 1.46 kg ai ha-1.
2
Engenia – BAPMA salt of dicamba 0.56 kg ae ha-1; Tavium - DGA salt of dicamba + S-metolachlor 0.56 + 1.68 kg ae ha-1;
XtendiMax - DGA salt of dicamba 0.56 kg ae ha-1; Roundup Power Max 2 - potassium salt of glyphosate 1.26 kg ae ha-1.
3
Treatment means averaged over site years followed by same letter are not significantly different α = 0.05.
4
Percent volatility reduction relative to dicamba source.
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Figures

Figure 3.1

PVC frame of low-tunnel volatility tent

Figure 3.2

Inside of a low-tunnel volatility tent used in field experiments
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Figure 3.3

Increments every 30 cm from the center to the end (760cm) of each field plot used
for rating

Figure 3.4

Humidome design in the greenhouse with a 1020 soil flat
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Figure 3.5

70 percent shade cloth covering humidomes in greenhouse experiments
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Figure 3.6

The effect of volatility-reducing agents on dicamba vapor injury from Engenia® plus Roundup PowerMax II® to non-DT
soybean fourteen days after treatment averaged over three site years
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Figure 3.7

The effect of volatility-reducing agents on dicamba vapor injury from Tavium® plus Roundup PowerMax II® to non-DT
soybean fourteen days after treatment averaged over three site years
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Figure 3.8

The effect of volatility-reducing agents on dicamba vapor injury from XtendiMax® plus Roundup PowerMax II® to nonDT soybean fourteen days after treatment averaged over three site years
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Figure 3.9

The effect of volatility-reducing agents on dicamba vapor injury from Engenia® plus Roundup PowerMax II® to non-DT
soybean twenty-eight days after treatment averaged over three site years
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Figure 3.10

The effect of volatility-reducing agents on dicamba vapor injury from Tavium® plus Roundup PowerMax II® to non-DT
soybean twenty-eight days after treatment averaged over three site years
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Figure 3.11

The effect of volatility-reducing agents on dicamba vapor injury from XtendiMax® plus Roundup PowerMax II® to nonDT soybean twenty-eight days after treatment averaged over three site years
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Figure 3.12

Spray solution pH of volatility-reducing agents in combination with dicamba and glyphosate
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